Carbon capture and storage (CCS) is nowadays considered as one of the most promising methods to counterbalance the CO 2 emissions from the combustion of fossil fuels, natural gas processing, cement manufacturing, etc. In dealing with the transport and the storage of CO 2 -rich streams, design of a safe and optimum process requires the knowledge of thermophysical properties (especially density) of CO 2 -rich mixtures. Consequently, the development of accurate thermodynamic models to evaluate these properties plays a key role in the context of CCS. This work is focused on comparing the capability of four Equations of State (EoSs) in modelling the Vapour-Liquid Equilibrium (VLE) and the density of binary mixtures of interest in the field of CCS. Two Cubic EoSs (CEoS), the original Soave-Redlich-Kwong (SRK) and Peng-Robinson (PR) EoSs, and two Statistical Associating Fluid Theory-based
Introduction
Carbon Capture and Storage (CCS) has been proposed as a potential method to mitigate climate change. Carbon storage may allow continued combustion of fossil fuels in power stations preventing CO 2 emissions to the atmosphere and covering the electricity demand in conjunction with other zero-emissions technologies (renewable resources and nuclear power plants) [1] . However, power stations are not the only source of CO 2 which can be fitted with carbon capture technologies; many other industrial processes also produce large amounts of CO 2 , such as cement manufacturing or natural gas treatment, where the CO 2 is also emitted along significant amount of H 2 S.
CCS incorporates a large number of technologies and processes, such as combustion methods, transportation pipelines, and injection systems. Thus, under this framework, the selection of a predictive thermophysical property model is of principal importance. The development of accurate thermodynamic models to predict thermophysical properties is required for the design of a safe and optimum CO 2 -rich steams transport and storage system. These thermodynamic models or equations of state (EoSs) should accurately predict phase diagrams and the densities of the coexisting phases far and close to the supercritical region.
Several thermodynamic models have been used in the literature to predict the phase behaviour and densities of CO 2 -rich systems and reservoir fluids. Countless EoSs have been proposed and have evolved since Clapeyron [2] proposed the Ideal Gas (IG) law in 1834. Next milestone in the history of EoS was the van der Waals (vdW) EoS (1873) which is the beginning of the cubic equations of state (CEoS) [3] . Although the vdW equation of state was the first EoS that considered a pairwise attractive intermolecular force, there has not been any significant improvement of CEoS until Redlich and Kwong revised the van der Waals EoS in 1949. In the 1970's, Soave proposed a modification known as the Soave-Redlich-Kwong (SRK) EoS [4] , which allowed better descriptions of pure component vapour pressures, while Peng and Robinson (PR) [5] later developed another EoS based on the vdW equation, which improved the poor saturated liquid density description of SRK EoS [6] for hydrocarbons.
These two equations combine simplicity and reasonable accuracy, and give accurate results for mixtures of non-polar fluids; for this reason the SRK and PR EoSs had rapidly gained acceptance by the hydrocarbon industry. CEoS are probably the most-widely employed EoSs in thermodynamics [7] and, because of this, many modifications have been proposed. Thus, for the purpose of improving the cubic EoSs, different functional terms or additional parameters were proposed, e.g. the Peneloux volume translation [8] which provides better liquid densities calculations [9] . However, despite the success of cubic EoSs, the accuracy of these equations decreases when predicting the behaviour of substances that form strong association (hydrogen bonding) between molecules, as classical EoS were developed by considering only the van der Waals dispersion forces [10] . Therefore, in order to improve the CEoS for associating fluids, it was necessary to add some contributions to the perturbation expansion of the free energy according to the thermodynamic perturbation theory (TPT) of Wertheim. Chapman et al. [11] derived the Statistical Associating Fluid Theory (SAFT) equation of state by applying Wertheim's TPT and extending it to mixtures. Many modifications of the SAFT-based EoSs were suggested over the years, such as CK-SAFT [12] , Lennard-Jones SAFT (LJ-SAFT) [13] , variable range SAFT (SAFT-VR) [14] , soft-SAFT [15] and perturbed-chain SAFT (PC-SAFT) [16] [17] . According to perturbation theory, the idea behind the statistical theory is to split the Helmholtz free energy in several contributions. Each SAFT version is different depending on the interaction pair potential between the segments (square-well, Lennard-Jones, Mie, etc) and the approach used to calculate the contributions (hard sphere, chain, association, etc). By applying Wertheim's TPT, the Cubic Plus Association EoS (CPA) [18] was developed by combining the simplicity of a cubic equation of state (SRK) and the TPT employed for the association part.
In upstream operations, there has been little interest amongst the oil and gas industry to look for more accurate EoS, considering that in reservoir simulations the cubic EoSs provide enough accuracy due to uncertainties in the geology and the flow in porous media. Likewise, considering the computational time, thanks to their simplicity, cubic EoSs are scarcely replaced by more complex PVT models in reservoir simulations. However in the downstream industry and CCS, more sophisticated thermodynamic models can be applied in order to increase the accuracy of the PVT modelling: for example SAFT-like EoSs can provide a better density description at high pressures and high temperatures (HPHT) [19] . Then, despite that PC-SAFT has been implemented in some commercial software and used in asphaltene precipitation modelling, the SAFT-based EoS are still less matured in PVT modelling than the SRK or PR EoS [19] .
In this work, two CEoS and two SAFT-based EoSs are used to model vapour-liquid equilibria (VLE) and densities of 108 binary mixtures of the main compounds of flue gas and reservoir fluids, leaving aside the associating compounds, i.e. water. The studied systems are binary mixtures of CO 2, CH 4 , C 2 H 6, N 2 and H 2 S with alkanes, the typical flue gases (O 2 , Ar, CO and SO 2 ) and aromatics. The assessed models are the classical PR and SRK CEoS, the wellknown PC-SAFT EoS and one of the latest versions of the family of SAFT equations, the SAFT-VR Mie EoS [6] [20] . This study focuses on non-associating compounds. Here, a nonassociating model for H 2 S with the PC-SAFT and SAFT-VR Mie EoSs has been considered, although H 2 S has been described by Dufal et al. [21] using a 4C association model with SAFT-VR Mie. Note also that Diamantonis et al. H 2 S [22] found that considering H 2 S as an associating-compound is slightly less accurate using the PC-SAFT EoS for describing the VLE of systems such as CO 2 -H 2 S.
Furthermore, the models used are briefly presented, especially the SAFT-based EoSs. The results of the comparison between the cubic and SAFT EoSs are then presented in two parts corresponding to the descriptions of binary VLE and density data. A large amount of data was collected from the literature: experimental data (binary VLE and single-phase fluid densities) and reliable correlations (pure component densities). In order to make a fair comparative study, the four models have been treated following the same procedure and using the same set of data for fitting the temperature-independent binary interaction parameters (BIP).
Thermodynamic models

Cubic Equations of State
An EoS is a thermodynamic analytical expression describing the state of matter and relating pressure (P), temperature (T) and molar volume (v). Most of the CEoS are pressure-explicit equations and once they are solved for volume (or density), other properties, such as fugacity or chemical potential, can be obtained from thermodynamic relations [22] [23] . The cubic family of EoSs are based on a cubic dependence on the volume with two parameters, a and b; and a temperature-dependant function which can be correlated to experimental data (vapour pressure). CEoS can be expressed by this general formula [24] :
where R is the ideal gas constant, a and b are the parameters of the EoS calculated using the critical temperature (T c ) and pressure (P c ) of each component; α(T) is a function of temperature, acentric factor, T c and P c . SRK and PR are the CEoS considered in this work, u and w are constants, and their values are u= 1 and w= 0 for SRK and u= 2 and w= -1 for PR.
In this work, the original expression for the α function was used, proposed by Soave [4] for the SRK EoS, and that of Peng and Robinson [25] for the PR EoS. No pure component parameters were adjusted. In order to extend the CEoS to multicomponent systems, the standard van der Waals mixing rules were used, i.e.:
where x i and x j are the composition of pure components i and j, and k ij the binary interaction parameter (BIP). The BIPs are coefficients introduced to better describe the experimental phase behaviour.
In general, liquid densities tend to be underestimated by the SRK and PR CEoS [26] . To improve the density predictions of dense fluid phases, volume translations can be used. The Peneloux volume correction (VC) [8] has been implemented herein (Equation 4 ) and the results with and without Peneloux shift parameters are discussed in the Section 3.2.
where V EoS is the molar volume calculated by the SRK and PR EoSs and V c i the volume correction parameter. The volume translation parameters have been treated as temperature independent [8] . The liquid density calculations are improved by the use of temperaturedependent parameters for the volume corrections; however the use of temperature-dependent parameters has greater influence on derivative thermodynamic properties, such as heat capacities (c v and c p ) [27] .
SAFT Equations of State
SAFT -like EoSs are based on perturbation theories [11] . They are expressed in terms of the reduced Helmholtz energy and as a sum of several contributions corresponding to the free energy of the reference fluid and the various perturbation terms (Eqs. 5 and 6). The PC-SAFT model was developed by considering the hard chain fluid as the reference system and applying the perturbation theory of Barker and Henderson [28] [29] . The SAFT-VR Mie is a reformulation of the variable range SAFT-VR EoS and incorporates the third order term of Barker and Henderson perturbation expansion [6] .
PC-SAFT: T Nk
One of the most important differences between the SAFT-VR Mie and PC-SAFT EoSs is the pair potential considered. Concerning the PC-SAFT EoS, the modified square well pair potential (Eq. 7), suggested by Chen and Kreglewski [30] is applied to compute the effective hard sphere diameter, while the Lennard-Jones (LJ) potential was used for the dispersion term.
Concerning the SAFT-VR Mie EoS, the pair potential is the Mie potential that is a generalized version of the LJ potential. The Mie pair potential has two additional adjustable parameters (repulsive and repulsive exponents, λ r and λ a ) that allow for a better description of derivative thermodynamic properties [20] . The Mie potential is given by . (8) In both Eqs. (7) and (8) , u(r) is the pair potential between segments, r the radial distance, σ the segment diameter and ε the depth of potential well. In Eq. (7), α is the reduced well width and a ratio of s 1 /σ=0.12 is assumed [16] .
The PC-SAFT and SAFT-VR Mie pure-component parameters used in this work are taken from the literature [6] [17] [31] [32] [33] . Another difference between these EoSs is the number of parameters regressed by fitting pure component data. For non-associating components, the PC-SAFT model requires three parameters: the segment number (m), the segment diameter (σ) and the segment energy (ε). For the SAFT-VR Mie EoS, besides the traditional SAFT parameters m, σ and ε, two extra parameters are required to describe the Mie potentials (λ r and λ a ), although it is common to fix λ a to 6. The used molecular parameters for the PC-SAFT EoS from the literature are fitted to vapour pressure and saturated liquid density, while the SAFT-VR Mie parameters are regressed using in addition condensed-liquid density and speed of sound data points [20] .
As the SAFT-VR Mie EoS is a relatively recent EoS, there are no published parameters for the long chain alkanes. Hence, in order to avoid fitting the parameters for each compound, the molecular parameters for the series of n-alkanes have been correlated with respect to the molecular weight (M w ) following a similar procedure as Pedersen et al. for PC-SAFT [34] . It has been found that the number of segments m increases linearly with molecular weight M w for long-chain alkanes. Thus, from a least squares analysis, m and M w can be related using Eq.
(9). However to correlate the diameter and energy of the segment, as well as the Mie repulsion exponent, the linear dependence is between the M w and the product of mσ, mε/k b and mλ r (Eqs. 10-12). In Figure 1 , these correlations are plotted together with the coefficients of determination (R 2 ) from the least squares analysis.
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Once the pure compound parameters are determined, binary interaction parameters (BIPs) can be adjusted against vapour-liquid equilibrium data of mixtures. The BIPs are coefficients introduced to correct the combining rules for the unlike attractive dispersive energy (ε ij ) [35] .
The conventional Berthelot-Lorentz combining rule has been used (Eq.13) [16] in the PC-SAFT EoS, while the SAFT-VR Mie model uses a specific geometric relation defined by Eq.14 [20] .
where k ij is the binary interaction parameter (BIP) and σ i the segment diameter of compound i. The combining rule used to calculate σ ij is given by 
Results and discussion
108 binary systems of 29 typical components in flue gases and reservoir fluids were considered in this study. The selected components are 7 gases (CO 2 , N 2 , O 2 , Ar, H 2 S, CO and SO 2 ), 20 alkanes and 2 aromatics (benzene and toluene). A summary of the VLE and density data available in the literature for the studied binary mixtures is presented in Table 1 . This comparative analysis has included a large number of experimental data sets collected from the literature. All data sets collected are included in the NIST Databases [36] [37] . However, many of the PVT data collected have not been used in order to avoid wrong calculations (i.e. VLE points close to the critical point) or because they were not consistent (i.e. data points not following the trend of the isotherm and data sets with lack of consistency between isotherms or other authors). In total, 22904 VLE and 26479 density experimental data points of binary mixtures have been used in this work. In addition, 31928 single phase densities of pure components have been obtained from correlations and EoSs.
The comparative study is divided into two parts: phase equilibrium and density calculations.
For the phase equilibrium, bubble point pressures and vapour phase compositions are predicted with zero binary interaction parameters (k ij =0). BIPs are then regressed on the VLE data for each binary mixture. In order to do a fair comparison between EoSs, the regression was done by treating the k ij 's as temperature independent. The BIPs have been regressed by minimizing the objective function given in Eq. 16, which is the sum of the deviations between the calculated bubble point pressures and the experimental VLE data. Subsequently, the deviations in the bubble point calculations were again determined for each model using the regressed k ij 's.
The second part of the study is focused on density calculations. Firstly, the densities of pure components are predicted and compared against the correlated data from the literature.
Secondly, the densities of binary systems are calculated and also compared against the compiled experimental density data. The k ij values regressed on bubble points were used for predicting densities and the volume-translation concept within the framework of CEoS was also considered. (17) where X is the evaluated property (bubble pressure, vapour mole fraction or density), N is the number of data, the exp and EoS exponents denote the experimental data and the calculations from the equation of state, respectively.
VLE calculations
The Mie molecular parameters of the n-alkanes series were correlated to the molecular weights. Then, before introducing the VLE results, the vapour pressure of nC 14 , nC 16 , nC 18 , nC 24 and nC 32 were studied using the correlated parameters (Figure 2) . At reduced temperatures (T r = T/T c ) between of 0.5< T r <0.9, the average absolute deviation of the calculated vapour-pressure is 5.8%. However the VLE calculations for the systems containing long n-alkanes are performed at temperatures that can be considered around 0.7 T r . Therefore the average deviation in the saturation pressure of the long-chain alkanes is 1.95%, and is similar to the %AAD of the description of saturation pressure of the n-eicosane using fitted parameters from the literature, 1.83%.
The phase equilibrium study is divided in five parts, according to the main five gaseous components considered in this work: CO 2 , CH 4 , C 2 H 6 , N 2 and H 2 S. Due to the large number of considered systems, several types of phase diagrams have been found. According to the Scott and van Konynenburg classification [38] , the phase diagrams of the studied systems are classified as type I (e.g. CH 4 -CO 2 , C 2 H 6 -H 2 S, CO 2 -O 2 [39] ), type II (e.g. CO 2 -n-octane, CO 2 -n-decane [40] ), type III (e.g. CO 2 + longer n-alkanes than C 14 [41] or CH 4 -H 2 S [42] ) and type V (e.g. CH 4 -n-hexane [43] ). Despite the different temperature ranges and number of experimental data available, all the studied systems were treated equally, i.e. special treatments in favour of a particular model was avoided in order to do a relevant comprehensive evaluation of the four models.
Firstly, the VLE results of modelling the CO 2 binary systems are presented in Table 2 . The experimental VLE data for 27 mixtures of CO 2 over a broad range of temperatures were modelled using the SRK, PR, PC-SAFT and SAFT-VR Mie EoSs. In general, the four studied models lead to similar results for the phase equilibrium predictions (k ij =0) and calculations (k ij ≠0), with %AAD averaging approximately 15% and 4.3% respectively. It has been observed that the deviations of the SRK model are similar to those reported for the PR EoS, as well as the BIPs regressed for each studied system. However, comparing both SAFT EoSs, a slight difference can be seen between the regressed k ij values. The k ij values for the CO 2 + nalkanes systems and their trend are plotted in Figure 3 .
The SAFT-VR Mie EoS is on average the model which predicts the VLE of CO 2 systems with the lowest %AAD to experimental data. Both CEoS models better describe the phase equilibrium of the mixtures of CO 2 with gases (N 2 , O 2 , Ar, H 2 S, CO and SO 2 ) and aromatic compounds (benzene and toluene); while the SAFT-based EoSs better performed for the CO 2 + alkanes systems.
Special mention is made in Figure 4 about the CO 2 + N 2 system due to the very poor predictions done by the CEoS and SAFT-VR Mie EoS. In the Figure 4a , it can be observed that the PC-SAFT EoS predicts (k ij =0) with reasonable accuracy this system. The SRK and PR models underestimate the bubble point pressure, while it is overestimated by the SAFT-VR Mie EoS. Consequently, in Figure 4b , the four models similarly describe the phase equilibria by using fitted BIPs.
The average absolute deviation in the bubble point pressures and vapour-phase compositions for the CH 4 + Comp2 binary systems predicted by the four studied models are presented in Table 3 , as well as the regressed k ij values and model deviations in the VLE calculations. The SAFT-VR Mie model presents the best predictive capability (9.9% in ΔP bubble against the 12.8% of PR EoS), the four studied models report comparable AADs around 4.5% using the fitted independent temperature BIP. In Figure 5 , the phase diagram of the CH 4 + CO 2 system is performed as an example of the good agreement between the CEoS and VLE data for such type of systems.
In Table 4 , the results for the C 2 H 6 + Comp2 systems are reported. One can observe that the lowest deviations between predicted (k ij =0) and experimental VLE data of these binary systems containing ethane were obtained in general with CEoS. It is worth noting the high deviation in the vapour-phase composition for ethane + gases binary systems reported by all the models, with AADs around 21% for predicted and 12% for calculated Δy 1 . Such high deviations in the vapour composition may be explained by the low miscibility of ethane in the vapour phases which leads to high relative errors, as depicted for example for the C 2 H 6 + Ar system in Figure 6 .
The SAFT-VR Mie EoS is the best model for predicting the VLE of nitrogen + Comp2 binary mixtures; however, these mixtures are the only systems which, on average, are better predicted by the cubic equations of state using the regressed BIP (Table 5 ). An example which illustrates this is the phase equilibria of the N 2 + H 2 S system performed in Figure 7 , where it can be seen that the SAFT-VR Mie model better predicts the VLE data, although, by using regressed k ij values, the PR EoS describes this system slightly better than the SAFT-like EoS.
Finally, the VLE results of modelling the H 2 S + Comp2 binary systems are reported in Table   6 . As with the previously presented CO 2 , methane and ethane mixtures, the model that better performs for hydrogen sulphide binary systems is the SAFT-VR Mie EoS. Hydrogen sulphide was modelled as a non-associating molecule and the results from the SAFT-based EoSs are in good agreement with VLE data of the H 2 S + Comp2 systems, although better results are expected when modelling the H 2 S as an associating compound.
A summary of the VLE results is reported in Table 7 . The deviation of each collection of mixtures is presented, divided into four groups: gases, alkanes, aromatics and average. The overall deviations of the four models are also provided in this Nevertheless, in general, the SAFT-VR Mie EoS predicts (k ij =0) and describes (using the fitted BIPs) the phase equilibria of the 108 binary systems slightly better than the other three studied EoSs. Focusing our attention on the groups of compounds, it can be highlighted that the SAFT-based EoSs allow for the lowest deviations on the description of systems containing alkanes, while both CEoS perform better for mixtures containing gaseous components as well as the aromatic compounds. If the two cubic models are compared, despite the high level of similarity, it can be concluded that, on average, the SRK EoS better predicts the phase behaviour of the studied systems with k ij =0, while the PR EoS reports lower deviations on the VLE calculations, when k ij ≠0. In general, the PC-SAFT EoS leads to higher average deviations, especially for the mixtures with gases and aromatics. Nonetheless, as previously mentioned, the PC-SAFT model outperformed the CEoS for the systems containing alkanes. This is because the PC-SAFT EoS is a hard-chain reference fluid and the dispersive contribution to the Helmholtz free energy is fitted to the series of n-alkanes [16] .
VLE calculations using the BIPs fitted to the literature data present substantial improvement, decreasing, on average, by around 65% the deviation on bubble point pressures and 40% on the vapour-phase composition. In order to continue comparing the equations of state, the BIPs have been used for studying statistically the results of the four models. [19] .
A sensitivity analysis has been performed in order to understanding how much the %AAD decreases by the employment of the optimal k ij . The sensitivities between predicted (predic) and calculated (calc) bubble pressures and vapour compositions are calculated as
The average sensitivities for the ΔP and Δy 1 , as well as the average k ij , are reported in Table 8 .
As it can be observed in this table, two levels of sensitivity can be differentiated between the CEoS and the SAFT-based EoS, being PC-SAFT and SAFT-VR Mie EoS twice more sensitive than PR and SRK models. For example, according to the average sensitivity, by modifying 0.1 the value of the k ij , it changes the deviation on bubble point pressure in 1.4% for the CEoS, 2.7% for the PC-SAFT EoS and 2.9% for the SAFT-VR Mie EoS. It also important to note that there is no linear change between ΔP and k ij , but in this work the sensitivity index is roughly well defined by our calculated average sensitivities [19] .
Density calculations
The capability of the models to describe pure compound densities is first compared. 22 components have been selected from the 27 compounds that are presented in this work, dismissing the long-chain alkanes (longer than nC 12 ) due to the unavailability of correlations of data for these compounds in the whole ranges of pressure and temperature. The pure compound density comparison is divided into saturated-liquid density and single-phase fluid density predictions (PTρ) at gas, liquid and supercritical (SC) states.
First, the saturated-liquid density of the studied compounds has been correlated by SRK, PR, PC-SAFT and SAFT-VR Mie EoS at 15 temperatures below 0.9T r . The deviations in the calculated liquid saturated densities are shown in Figure 8 . On average, the SAFT-VR Mie EoS leads to AAD below 1%, slightly smaller than 1.4% for the PC-SAFT model and significantly smaller than the AAD of the CEoS, 6% for PR and 12% for SRK. The PR EoS better predicts the saturated-liquid density of CO 2 , most alkanes and aromatic compounds than the SRK EoS, while the SRK EoS is more accurate for small molecules like CH 4 , N 2 , O 2 , Ar and CO. The saturated density predictions of the CEoS are improved using the Peneloux volume correction, decreasing the AAD% to 4% for the PR+VC and 6% for the SRK+VC.
The SAFT-based models require the use of experimental vapour pressures, saturated-liquid densities and PTρ data to fit the molecular parameters, therefore it was evident that the SAFTbased EoS predict saturated-liquid density better than the CEoS. Obviously, the SAFT-VR Mie EoS with 5 molecular parameters correlates the saturated properties with lower deviations than PC-SAFT with 3 parameters. However, unlike the cubic models, the SAFT models do not reproduce well the critical point (CP), especially the critical pressure (P c ), and this leads to larger density deviations around the CP. Again, the SAFT-VR Mie EoS predicts comparatively better the critical point than the PC-SAFT model. An example of CP calculations is reported in Table 9 for CO 2 . It can be observed that, as it is usual for SAFTEoS, all the critical properties are overestimated by the PC-SAFT and SAFT-VR Mie EoS.
For the single-phase densities (PTρ), 31928 densities of pure compounds have been obtained from reliable correlations and multi-component EoSs [36] . Thus, the PTρ data of the 22 components have been evaluated at 15 temperatures between 253 and 523K and pressures up to 150MPa, at gas, liquid or SC states depending on P-T conditions. The deviations of the density calculations are presented as %AAD, as well as the maximum average deviation (MAD%), i.e. the largest value in a set of absolute deviations. As mentioned in section 2, the use of volume corrections can improve density calculations of fluid dense phases.
In Table 10 , the results of PTρ modelling with PC-SAFT, SAFT-VR Mie and the cubic EoSs with and without volume correction (VC) are reported. In general, the deviations are similar to the results of the correlated saturated-liquid densities; the SAFT-VR Mie EoS is the most accurate model for the predictions of PTρ (1.2% AAD), followed by the PC-SAFT (1.6% AAD), PR (6.7% AAD) and SRK (7.4% AAD) EoSs. By comparing the two cubic EoSs, it can be observed that the SRK EoS better predicts the densities of gas molecules and shortchain alkanes (until n-butane). However, the PR EoS provides better predictions for aromatics and longer alkanes. It can be seen a considerable improvement when cubic models are combined with the Peneloux volume translation, as expected, and deviations to experimental densities are reduced by more than 70%. The SRK+Peneloux and PR+Peneloux deviations are around 2% and these results are actually comparable to the deviations reported for SAFTlike EoS. However, it is worth mentioning that the maximum absolute deviation (%MAD) for the CEoS are much higher than the %MAD reported for the PC-SAFT and SAFT-VR Mie EoSs and, despite the use of the volume correction, gives better average results, in many cases the %MAD is slightly higher when applying the Peneloux-VC.
The second stage of the density calculations analysis is the modelling of binary systems. The experimental density data available for the studied mixtures are summarised in Table 1 and, as it can be seen, there are no data for many of the considered systems during the VLE analysis.
Therefore, 26479 single phase density (PTρx) literature data were collected from NIST standard reference database [37] , even though it is worth noting that the data used for the mixture with long-chain alkanes are saturated liquid density data points. The density data of 57 binary mixtures of CO 2 , CH 4 , C 2 H 6 , N 2 and H 2 S with alkanes, gases and toluene were modelled with the SRK, PR, PC-SAFT and SAFT-VR Mie equation of state, as well as using the Peneloux volume correction coupled with CEoS. The phase equilibria of all these binary systems were studied and are presented in the VLE section. Therefore, the previously reported BIP are used herein in order to avoid the wrong prediction of the two phase region during PTρx calculation.
The AAD in density calculations using the investigated EoS are reported in Tables 11-15 . The number of data taken into consideration, the ranges of temperatures, pressures and compositions are presented in these tables, besides the average absolute deviations of the different investigated models.
The average absolute deviations in density calculations of binary system are summarised in Figure 9 . The models can be divided into three groups according to their level of agreement to the experimental data: SAFT-EoS (2.75% AAD), CEoS+VC (3.5% AAD) and CEoS without VC (6.75% AAD). In Figure 10 and 11, the densities of C 2 H 6 + H 2 S and CO 2 + H 2 S systems are performed using one of each group of equations in order to illustrate the usual results comparing the density calculations from SAFT-EoS, CEoS+VC and CEoS. The more precise models are the SAFT-based EoS; the SAFT-VR Mie EoS predicts densities with higher accuracy than the other investigated models for most of the studied systems. Nevertheless, the PC-SAFT model gives better density calculations for mixtures with long-chain alkanes, for example the saturated liquid density of the systems CO 2 + nC 20 , CH 4 + nC 20 and C 2 H 6 + nC 20 are described with around 30% lower AAD than with the SAFT-VR Mie EoS. In a second level of accuracy, the CEoS coupled with the Peneloux volume translation report a little higher average deviation than the PC-SAFT model, indeed density calculations of the N 2 + Comp2 are better performed using the CEoS+VC than the PC-SAFT EoS (Figure 12) . Finally, the CEoS without the Peneloux volume translation present the lowest accuracy in density calculations; the AAD without VC almost doubles the deviations coupling the volume translation. Therefore, as obtained for pure compounds, the density calculations of binary mixtures with CEoS are significantly improved using the VC and both CEoS perform with similar accuracy. On the one hand, the PR EoS is on average slightly more accurate and it better predicts the densities of C 2 H 6 and H 2 S + Comp2 binary systems. On the other hand, the SRK EoS leads to better results for the CO 2 , CH 4 and N 2 + Comp2 mixtures, as shown in Figure 13 for the CH 4 + N 2 system.
Remarks and Conclusions
A comprehensible comparison has been made between the SRK, PR, PC-SAFT and SAFT-VR Mie EoSs in the scope of CCS. These models were used to describe both VLE and density data. The investigated equations of state have been used to predict the phase behaviour of 108 binary systems of typical components of flue gases and reservoir fluids. In general, the SAFT-VR Mie EoS better predicts the VLE with an average deviation of 13.3% compared to the experimental data for equilibrium pressure, followed by the CEoS, with 13.7% for the SRK and 14.2% for the PR EoSs. Independent temperature binary interaction parameters (BIPs) have been regressed on the VLE data. Using fitted BIPs, the SAFT-VR Mie EoS is the most accurate model among the four, to correlate the phase equilibria of the investigated systems, with an AAD of 4.71%, slightly higher deviations are observed for PR (4.73%) and SRK (4.82%). The PC-SAFT EoS is the model which reports on average a little higher deviation (5.03%), however it is worth noting that the PC-SAFT model correlates the systems with alkanes better than CEoS. In addition, the SAFT-based EoSs are more sensitive to the variation of k ij than the CEoS. Therefore, SAFT-like EoSs have better predictive capabilities as smaller k ij are necessary. However, there is no big increase in accuracy between the correlations from CEoS and SAFT-EoS when the BIPs are used. Therefore, one may prefer to use a simpler and computationally faster CEoS when the BIPs can be optimized using available VLE data, or the more-complex SAFT-VR Mie EoS when a high predictive capability is required.
Both PC-SAFT and SAFT-VR Mie EoSs are more accurate than the SRK and PR models in density calculations of the 22 selected pure components. First, saturated-liquid densities at temperature below 0.9 T r have been performed by the SAFT-VR Mie EoS with an average absolute deviation of 0.6%, while the PC-SAFT, PR and SRK models report, respectively, an AAD of 1.4%, 6.1% and 10.2%. Secondly, single-phase densities at 15 temperatures between 253 and 523 K and pressures up to 150 MPa were correlated by using the investigated models with different levels of agreement. Again, the SAFT-VR Mie EoS is the model that best correlates the PTρ data with an AAD of 1.2%. In order to improve the poor density predictions from the CEoS, the Peneloux volume translation were used with the SRK and PR models and the deviations in the density calculations were reduced by more than 70%.
Finally, the single-phase fluid densities of 57 binary systems were performed by the evaluated models using the k ij regressed in this work. In this part of the comparative study, the SAFT-VR Mie EoS leads to the lowest deviation in modelling the density of most of binary systems.
On average, the deviations in the PTρx calculations of binary systems are AAD=2.75% for the SAFT-like EoSs, AAD=3.5% for the CEoS+VC and AAD=6.75% for the CEoS without VC.
In summary, the VLE and densities of the investigated systems were predicted with higher accuracy using the SAFT-VR Mie EoS, as it was expected. This is because of the higher 
